To reveal the late Quaternary paleoenvironmental changes at the Antarctic continental margin, we test a lithostratigraphy adjusted to a stable isotope record from the eastern Weddell Sea. The stratigraphy is used to produce a stacked sedimentological data Set of 11 sediment cores. We derive a general model of glaciomarine sedimentation and paleoenvironmental changes at the East Antarctic continental margin during the last two climatic cycles (300 kyr). The sedimentary processes considered include biological productivity, ice rafting, current transport, and gravitational downslope transport. These processes are controlled by a complex interaction of sea level changes and paleoceanographic and paleoglacial conditions in response to changes of global climate and local insolation. Sedimentation rates are mainly controlled by ice rafting which reflects mass balance and behavior of the Antarctic ice sheet. The sedimentation rates decrease with distance from the continent and from interglacial to glacial. Highest rates occur at the very beginning of interglacials, i.e., of oxygen isotope events 7.5, 5.5, and 1.1, these being up to 5 times higher than those during glacials. The sediments can be classified into five distinct facies and correlated to different paleoenvironments: at glacial. terminations (isotope events 8.0, 6.0, and 2.0), the Antarctic cryosphere adjusts to new climatic conditions. The sedimentary processes are controlled by the rise of sea level, the destruction of ice shelves, the retreat of sea ice, and the recommenced feeding of warm North Atlantic Deep Water (NADW) to the Circumpolar Deep Water (CDW). During peak warm interglacial periods (at isotope events 7.5,7.3, 5.5, and 1.1), the CDW promotes warmer surface waters and thus the retreat of sea ice which in turn controls the availability of light in surface waters. At distinct climatic thresholds, local Insolation might also influence sea ice distribution. Primary productivity and bioturbation increase, the calcite compensation depth rises, and carbonate dissolution occurs in slope sediments also in shallow depth. Ice shelves and coastal polynyas favor the formation of very cold and sahne Ice Shelf Water which contributes to bottom water formation. During the transition from an interval of peak warmth to a glacial episode (isotope stages 7.2-7.0 and 5.4-5.0), the superimposition of both intense ice rafting and reduced bottom currents produces a typical facies which occurs with a distinct lag in the time of response of specific sedimentary processes to climatic change. With the onset of a glacial episode (at isotope events 7.0 and 5.0) the Antarctic ice sheet expands owing to the lowering of sea level with the extensive glaciations in the northern hemisphere. Gravitational sediment transport becomes the most active process, and sediment transfer to the deep sea is provided by turbidity currents through canyon Systems. During Antarctic glacial maxima (isotope stages 6.0 and 4.0-2.0) the strongly reduced input of NADW into the Southern Ocean favors further advances of the ice shelves far beyond the shelf break and the continuous formation of sea ice. Below ice shelves andlor closed sea ice coverage contourites are deposited On the slope.
INTRODUCTION
of Antarctica was strengthened during recent years by the Ocean Drilling Project (ODP). The long-term record Antarctica represents a unique sedimentary environment. The Antarctic Ocean is covered for most of the since Cretaceous time was reconstructed on southern year by sea ice which, together with the presence of a Indian Ocean ODP legs 119 and 120, and particularly On huge continental ice sheet, controls nearly all environlegs arid into the arid polar mental conditions, resulting in markedly different sediAtlantic. Site 693, drilled during Leg 113 [~a r k e r et al., mentation proCesSes. with its extensive ice shelves in 1988, 19901 , is located in our investigation area off Cape the Weddell Sea and the ROSS Sea. the Southern Ocean Norvegia in the eastern Weddell Sea (Figure 1 ). Invesis one of the Earth's principal SourCes of oceanic bottom tigations of MioceneIPliocene sediments from the South waters arid plays a key role in governing global oceanic Atlantic have focused on glacial evolution and paleocirculation and climate. Concerning the sedimentation ceanographic changes during the Neogene [Abelmann et processes at the Antarctic continental margin, the unal., 1990; Hode11 und Ciesielski, 19901 . During the last derstanding of the behavior of ice shelves is crucial.
decade there was an extensive sampling program carResearch on the Cenozoic cryospheric development ried out by gravity and piston coring from RIV PoCopyright 1992 by the American Geophysical Union.
larstern mostly focusing on the Quaternary sediment sequence of the Atlantic part of the Southern Ocean. The distribution of Quaternary sediments in the Southern Ocean results from a complex interaction of glaciological, oceanographic, and biological processes. Therefore the first marine geological work on Quaternary sediments in this area focused on sedimentation processes [Anderson, 1972; Anderson et al., 1979 Anderson et al., , 1983 ElverhQi, 1981; Elverh@i and Roaldset, 19831 . Several models were established regarding those processes to explain the cryospheric depositional processes in the marine environment and the behavior of the Antarctic ice sheet On the basis of the analysis of Pleistocene sediments [Anderson et al., 1983a; Domack, 1982; Drewiy and Cooper, 1981; Kellogg und Kellogg, 1988; Orheim and Elverh@i, 19811 . Only a few models were developed concerning paleoclimatic and paleoceanographic reconstructions [Kellogg et al., 1979; Weaver, 19731 . More recently, sedimentation patterns on the continental margin around the Weddell Sea were investigated in order to reveal environmental variations of the hydrosphere and cryosphere and to unravel the Quaternary climatic history of Antarctica [Grobe, 1986; Haase, 1986; Futterer et al., 1988; Cordes, 1990; Futterer arzd Melles, 1990; Grobe et al., 1990b; Mackensen et al., 1990; Melles, 19911. Our results, although based On the investigation of the late Quaternary deposits from the eastern Weddell Sea only, contribute to the understanding of the late Neogene glacial evolution of Antarctica as a whole. Records similar to those described in this paper were found in sediments of the Antarctic continental margin between South Orkney and Gunnerus Ridge, covering nearly a third of the Antarctic coast line. Stratigraphie problems were solved by the development of a lithostratigraphy which allows correlation of lithologic changes with a stable isotope record. The lithostratigraphy was applied toward the late Pleistocene chronology. We used the 8180 record of Core PS1388, measured On both planktonic and benthic foraminifera, which currently is the only record from the area substantially south of the Polar Front that can be correlated with the global isotope stratigraphy [Mackensen et al., 19891 (Figure 2) .
A high-resolution stratigraphy and an extended sedimentological data Set of 11 cores with inferred high sedimentation rates and a dense sample spacing allow stacking of sedimentological parameters. The Parameter stacks, in correlation with global climate and local insolation, were used to develop a detailed model of the sedimentary environment during a glacial and an interglacial stage. Special emphasis in the interpretations is given to the environmental changes due to sea ice cover and movements of the Antarctic ice edge in response to the two pronounced Quaternary climatic cycles covering the last 300 kyr.
MATERIAL AND METHODS
Sediments were recovered by gravity corer during Polarstern expeditions ANT IV/3 [Futterer, 19871, ANT V14 [Miller and Oerter, 19901 , and ANT V113 [Futterer, 19881 On profiles perpendicular to the Antarctic continental margin between 9' and 15OW. Eleven cores from the slope with a total length of 113 m were chosen for a detailed interpretation of the stratigraphic and sedimentological data Sets because of good resolution and paleoenvironmental signals during the last 300 kyr ( Figure  1 , Table I ). The following interpretations will focus On the last two climatic cycles (indicated by bold lines in Figure 3 ) even if bottom ages of some of the cores can be much higher. Core sites were mainly situated in the middle of the continental slope terrace, in water depth between 2000 and 2800 m.
Cores PS1394, PS1431, PS1648, PS1390, PS1389, and PS1388 were located on a S-N profile on the slope off Atka Iceport with slightly increasing water depth between 2000 and 2500 m (Figure 1 ). In contrast, cores PS1591, PS1479, PS1640, and PS1380 were situated on a line mostly parallel to both the isobaths and the ice edge, resulting in an almost constant distance to the shelf. Core PS1481 was located further north off Cape Norvegia and has a basal age of up to 4 m.y. Owing to its proximity to the Wegener Canyon, several hiatuses are present, but the uppermost sequence of the last 300 kyr remained undisturbed. Gravity Core PS1591 was located at the Same position and complemented Site 693 by recovering undisturbed the uppermost Quaternary sedimentary sequence. With the short cores PS1006, PS1265, PS1367, and PS1385 On the shelf ( Figure 1 , Table 1 ), only the Holocene sediments were recovered.
Cores were sampled with a mean sampling interval of 10 Cm, providing stratigraphic resolution of between 1000 and 10,000 years, depending on sedimentation rates. In total, 1265 samples were taken (Table I) and analyzed for carbon, grain size, clay mineralogy, and components of the coarse fraction. Sediment structure and ice-rafted debris were investigated on X radiographs of 1-cm-thick sediment slices. The gravel fraction >2 mm was counted in the radiographs and expressed as numbers per 10 cm 3 [Grobe, 19871. Other sedimentological data were produced using standard methods as described by Grobe et al. [1990b] . The most important parameters (carbonate, radiolaria, illite, silt) of each core are plotted versus depth in Figure 3 . Core PS1648 was chosen to show all parameters in detail ( Figure 4) . Stahle oxygen and carbon isotope measurements were made On planktonic foraminiferal tests of sinistrally coiled Neogloboquadrina pachyderma with samples containing On average six specimens from the 125-to 250-pm size fraction. The foraminifera were measured using an automatic carbonate preparation device connected on line to a Finnigan MAT 251 mass spectrometer.
The peak warm times of interglacials correspond to the isotopic events 1.1, 5.5, 7.317.5, 9.3, and 11. In Antarctic glaciomarine sediments, only the facies deposited during these climatic events differ significantly from the rest of the Pleistocene deposits. Therefore when dealing with terms like "glacial" and "interglacial" a difference between a chronostratigraphically defined interglacial (e.g., stage 5) and the occurrence of a specific sedimentological facies (e.g., event 5.5), interpreted as being deposited during an interglacial, has to be kept in mind.
AREA OF INVESTIGATION

Phy siography
The Antarctic continental margin in the eastern Part of the Weddell Sea has been surveyed with swath Sonar echo-sounding systems during several Polarstern expeditions [e.g., Fiitterer, 1987 [e.g., Fiitterer, , 1988 Miller und Oerter, 19901 . In particular, the bottom topography of the area off Queen Maud Land between 16OW and 2OW is well known. The slope can be divided into five major characteristic morphological units. The partly overdeepened continental shelf has a maximum water depth of between 300 and 400 m and a distinct shelf break. This is followed seaward by a very steep and narrow upper continental slope with inclinations of up to 16'. The transition to a gently inclined midslope bench occurs from West to east in decreasing water depths between 1700 m and 1200 m. The bench is 50 to 100 km wide, dipping seaward at 1.5' to about 3000-m water depth. The lower slope is characterized by the steep, clifflike Explora Escarpment [Hinz und Krause, 1982; Henriet and Miller, 19901, locally showing maximum slope inclinations of 30Â [Fiitterer et al., 19901 . The continental rise ends in the Weddell Abyssal Plain at about 4400-m water depth.
The continental slope is deeply dissected by at least The shelf cores only recover the Holocene sediment sequence. The time included depends on sedimentation rates and the occurrence of hiatus. Sedimentation rates were calculated using a lithostratigraphy in correlation with an oxygen isotope stratigraphy .
one major submarine canyon system, i.e., the Wegener Canyon off Cape Norvegia (Figure 1 ) which was mapped by systematic bathymetric surveys [Fiitterer et al., 19901 . The tributary gullies OS the canyon cut into the upper slope with the easternmost one continuing across the shelfand beneath the ice shelf. The formation OS the canyon is structurally controlled by the sill OS the Explora Escarpment and is considered to be of early late Miocene age [Barker et al., 19881 . During the Quaternary the canyon was particularly active during glacial episodes [Futterer et al., 19901 . This indicates that the canyon played a major role in gravitational downslope transport processes during the Pleistocene climatic cycles.
OS paramount importance for the understanding OS the sedimentary processes in this area is detailed information about the slope morphology that is largely responsible for distinct sedimentary patterns and the accumulation of undisturbed Quaternary sediment sequences close to the continent. The Quaternary sequence on most parts of the terrace in the intercanyon areas is less affected by turbidites and mass flow events than is usually the case in this area [Wright und Anderson, 1982; Anderson et al., 19861 . At least during the last two climatic cycles, the flat part of the slope was not a source area for sediment gravity flows to the deep sea. Sediment supply to the abyssal plain was presumably restricted to canyon Systems like the Wegener Canyon during glacials. The importance of sediment gravity flow has to be taken into account in dealing with more long-term geological records. High sediment supply to form a San, as described in the eastern Weddell Sea, apparently occurred before the development of the glacial shelf topography and during a more temperate glacial setting [Anderson et al., 19861. In this part of the Weddell Sea, a broad terrace in the middle OS the continental slope favors relatively undisturbed sedimentation and thus provides excellent conditions for paleoenvironmental interpretations OS the late Quaternary climatic cycles. In addition, the sediments deposited in water depth ofless than 3500 m have a significant carbonate content because they are mostly deposited above the calcite compensation depth (CCD) and thus provide calcareous foraminifera for use in measuring stable isotopes [Mackensen et al., 19891 .
Modern Sediment Distribution Patterns
The most important recent environmental conditions and sedimentological Parameters On shelf and slope OS the study area were investigated in relation to the association of benthic foraminifera [Mackensen et al., 19901 . The reconstruction OS the distribution patterns OS sediments and foraminifera were made on the basis of samples which were taken with a vented box corer, providing undisturbed surface material.
In general, the surface sediments at the eastern continental margin consist of silty and clayey muds with varying amounts OS coarse sand and gravel. The highest values OS sand and gravel were Sound On the shelf which is a different sedimentary environment compared with the conditions On the slope. On the shelf during settling,
Silt ( some of the clay and fine silt are kept in suspension and transported by the Antarctic Coastal Current (ACC), leading to an enrichment of the coarser grades in the bottom sediments [Elverhifli and Roaldset, 19831 . Biogenic particles constitute an integral part of the glaciomarine deposits. Sponge spicules are abundant in the shelf sedirnents where an extensive sponge fauna was observed; carbonate is mainly produced by bryozoans [Voss, 19881 . Sedimentation rates are relatively low (1-5 cmlkyr) [Elverh@i, 1981 ; Elverhifli und Roaldset, 19831 . Sediment echo soundings on the upper steep slope, well below the shelf edge, provide evidence that the slope is covered by a coarse, presumably residual sediment. The current-winnowed silts and clays are entrained by contour currents and transported along the continental slope [Anderson et al., 19791 . Down to a depth of about 1600 m, the sand-size fraction exceeds 40%. On the midslope bench and the lower slope, down to the abyssal plain, the mud content (<63 pm) exceeds 50% of the bulk sediment; gravel and sand are also present, but only in minor proportions.
Clay minerals are represented by chlorite, illite, and smectite. Because of the absence of any chemical weathering processes On the continent, kaolinite is only found in traces in all Quaternary sedirnents (<5%, e.g., PS1648, Figure 4 ) and is of no paleoclimatic significance. The kaolinite found may have been produced by weathering during an earlier warm humid climate and locally stored in ancient sedimentary rocks.
The carbonate content of the surface sediments can be grouped in four depth zones. On the shelf, a carbonate content of up to 9.5% of the bulk dry sediment consists of bryozoans, bivalves, gastropods, brachiopods, solitary corals, and benthic foraminifera. At the shelf break and on the upper slope, down to about 2000 m, the carbonate content never exceeds 1%. This depth Zone corresponds to the range of the core of the Weddell Deep Water (WDW), which is a branch of the Circumpolar Deep Water (CDW) [Foldvik et al., 1985; Anderson, 19751 . On the slope terrace, between 2000 and 3500 m, carbonate content is between 3 and 13%. This is almost exclusively produced by planktonic foraminifera, supplemented by some other marine organisms. No detrital carbonate was found. The recent depth of the CCD is -4000 m. Below this depth, virtually no carbonate was found in the surface sediments [Anderson, 1975; Mackensen et al., 19901 . Siliceous particles, consisting of radiolaria, diatoms, sponge spicules, and silicoflagellates were found in all surface samples in varying amounts.
STRATIGRAPHY
Owing to the paucity of biogenic carbonate, cores from south of the Antarctic Polar Front are not included in the construction of the Quaternary isotope chronostratigraphy [Zmbrie et al., 1984; Prell et al., 1986; Martinson et al., 19871 . So far, all interpretations of southern high-latitude glacial and interglacial paleoenvironments [i.e., Ledbetter and Ciesielski, 1986; Burckle und Abrams, 1987; Fiitterer et al., 1988; Pudsey et al., 19881 suffer from the lack of a detailed stratigraphy due to low levels of carbonate. Even a coring device with a large volume cannot provide sufficient foraminiferal tests to allow any accelerator mass spectrometer (AMS) dating. Since a few years ago, S1'O and S C isotopes can be measured On extremely small samples (20 pg) because of the development of mass spectrometers with an automatic preparation device, which only need three to six tests for one measurement.
The cores discussed in this Paper include the first --from the Antarctic continental margin in which sufficient foraminiferal tests were found and stable isotopes have been measured. Core PS1388 is from 69's from the slope at a water depth of 2536 m. The stable isotope record was generated from benthic (Epistominella exigua) as well as planktonic species (Neogloboquadrina pachyderma) of two different size fractions (Figure 2 ). Although this record is somewhat affected by diagenesis, it is complete and is typical of the deep-sea record elsewhere. This is the onlv record of the Antarctic continental margin, spanning the last 300 kyr, which could be correlated in detail with the global isotope stratigraphy [Mackensen et al., 19891 . The Interpretation of the isotopic data in the other cores in most cases remains difficult because of strong diagenetic alterations as shown in Core PS1648 ( Figure  4) . Low values of 3.6 to 3.7%0 for S1'O were found in the surface sediments of all cores. In general, values lower than 4%0 are only found in the Holocene sequence. Samples with pre-Holocene ages are in the range of 4 to 5%0 and do not attain lower values even in those sedirnents obviously formed during the warmest intervals of isotopic Stages 5 or 7. Diagenetic dissolution within the sedimentary column has altered the isotopic composition of the tests toward higher values by selectively removing the isotopically lighter carbonate [Savin and Douglas, 1973; Berger and Killingley, 1977; Wu et al., 19901 . Differential dissolution occurs probably as a result of a very low carbonate content of the sediment. Masking of the original isotope signal, as discussed in detail by Grobe et al. [l990b] , was most intense during times of high productivity, when most of the carbonate was dissolved on the seafloor because of its deposition at or below the lysocline or even in the range of the CCD. and Martinson et al. [1987] .
Because OS these severe problems with most OS the isotopic data, we developed a lithostratigraphy as a tool Sor correlating the late Pleistocene sediments. The comparison OS the isotopic record of Core PS1388 with the lithological parameters and biogeneous components (Figures 2 and 3) has shown that significant changes occur at distinct times of global climatic change. Those prominent lithologic changes were correlated with the isotopic events OS the stable isotopic record of Core PS1388 ( Figure 2 ). The changes were Sound to be similar in all late Pleistocene sediments around the Weddell Sea between the Antarctic Peninsula and 35OE [Brehme, 1991; Melles, 1991; Fiitterer, 19911 . Variations OS the biogenic constituents can be correlated between cores and are synchronous within their resolution. A Surther improvement OS the lithostratigraphy was made Seasible using the lithologic variations of the terrigenous detritus. Clay mineral composition and grain size parameters are influenced by local conditions and sources but show significant distribution patterns which could also be correlated in detail between cores ( Figure 3 ).
Age Models
To compute age models Sor the last 300 kyr, stratigraphic fixed points were defined where specific lithologic changes can be correlated with distinct events OS the isotope chronostratigraphy. The correlation OS the sedimentological Parameters between cores and the correlation of lithologic changes with the isotopic events OS Core PS1388 ( Figure 2 ) provide a sufficient data base to calculate sedimentation rates and, finally, to stack the most important parameters. The age models assume both Zero age Sor core tops containing a well-defined Holocene section and constant sedimentation rates between isotopic events. stratigraphic fix points (Table 2) up to event 8.0 were derived Srom the compiled chronostratigraphy OS Martinson et al. [1987] ; Surther stratigraphic calculations were based On the SPECMAP data Set [Imbrie et al., 19841 with stage boundaries as defined by Prell et al. [1986] . Sedimentation rates across stages 2 to 4 and events 5.1 to 5.4 in all cores were integrated, because in this case stage boundaries could not be determined by lithologic changes.
Isotopic events at the glacial terminations (2.0, 6.0, 8.0, and 10.0) can easily be defined by significant lithologic changes and were placed at a depth where decreasing carbonate content correlates with the first occurrence OS silica, indicating a drastic increase in productivity with the onset OS the interglacial. The lithology OS event 5.5 consists OS an opal peak Sollowed by relatively high carbonate values in the uppermost Part OS this horizon. Opal decreases to Zero values toward event 5.4, which was placed at the top OS the first carbonate occurrence within stage 5. Other lithologic changes, such as an increase in clay content and a significant minimum in the warm time illite peak, are in correspondence and support the definition OS event 5.4 (e.g., PS 1648, Figure 4) .
To solve problems with sedimentation rates around isotopic event 7.1, insolation, as calculated by Berger [1978] , was taken into account ( Figure 5 ). Sedimentation rates during event 7. l were too high when using the correspondence OS lithologic changes, in particular, the decrease in carbonate content, with stage boundary 617. Instead, this lithologic change was correlated with the decline in Insolation during the southern summer at 70's around 180 kyr, shifting the age Sor the lithologic change around event 7.0 to about 10 kyr later ( Figure 5 a ) . Calculations OS the influence OS orbitally induced insolation changes On Antarctic sea ice Cover suggest influence On Pleistocene sea ice distribution [Crowley und Parkinson, 19881 . Less sea ice might have affected sedimentation processes by extending interglacial conditions, especially surface water productivity, into the beginning of glacial stage 6.
One Surther stratigraphic fixed point, not available [1987] . Slight differences between global climate and the sedimentary record, as found in this study, can probably be explained by local summer insolation. During distinct sensitive times (a, b ) of global climatic change, the local insolation influences sea ice conditions and thus primary productivity. Levels A and B indicate climatic thresholds at which Sediment composition drastically changes.
from the standard chronostratigraphy, was defined at 205 kyr representing the "shoulder" between event 7.2 and event 7.3 ( Figure Sb) . This boundary was placed by Interpolation at one of the significant changes in productivity, defined by a change from silica to carbonate microfossil preservation. In addition, this change correlates with a typical decrease in illite content within the drastic change of the clay mineral association between event 7.3 and event 7.2. Both lithologic changes were found to be significant in all cores ( Figure 7 ; see arrows). Event 7.4 was defined at a carbonate peak within Stage 7 (Figures 2 and 3 ). This is the only occurrence of carbonate which cannot be correlated to a lithological change in clay mineralogy or grain size within the full sedimentary record of the last 300 kyr. It is obvious that the short duration of the cold event 7.4 has had an effect only on the sea-ice-controlled productivity, not on the continental-ice-controlled processes of terrigenous sedimentation.
The section between 205 kyr and event 7.4, in the curve of Martinson et al. [1987] , marked by the pronounced warm event 7.3, was found to be composed of two peaks in silica content in most of the cores with sufficient resolution (e.g., Figure 4 , Core PS1648, bold line; Figure 3 , Core PS1388, 4.4-5.0 m). The double peak is indicative of two events of high productivity. There might be two reasons for the discrepancy with the global chronostratigraphy: (1) the resolution of the stacked isotope record of Martinson et al. [I9871 might not be sufficient in this range, or (2) this is a local effect, produced by the superimposition of local insolation and global climate. The peak value of insolation in the investigation area (70Â°S is somewhat shifted by 7 kyr in relation to the chronostratigraphic peak value ( Figure  Sb) , which is a further indication that productivity is [1987] . Highest sedirnentation rates are found close to the continent in Core PS1394. Generally, sedirnentation rates decrease with distance from the shelf and in the vicinity of the Wegener Canyon. The histogram plotted as an underlay shows relative sedimentation rates calculated from the stacked record of all cores, indicating 3 to 4 times higher values during interglacial compared with glacial periods.
controlled by an interaction OS global climate and local insolation changes in the high-latitude Antarctic Ocean.
Sedimentation Rates
Integrated sedimentation rates (Table 1, Figure 6 ) were calculated Sor distinct glacial and interglacial periods. Sedimentation rates in general decrease with distance from the continent and within a climatic cycle from interglacial to glacial. Rates are highest very close to the continent owing to the higher input OS terrigenous material (Core PS1394). Low sedirnentation rates were Sound in the vicinity of the Wegener Canyon (cores PS1591, PS1479, and PS1481).
Sedimentation rates during the last 300 kyr, presented as a relative data stack (Figure 6, histogram) , indicate that peak warm episodes, including isotopic stagesl events 1, 5.5, and 7, are 4 to 5 times higher in comparison with glacials integrated over all sites. Because rates are calculated as mean values between stratigraphic fix points, it is difficult to determine detailed sedimentation rates within an individual climatic event, although the Holocene exhibits the highest values compared with other warm events. Within a climatic cycle the Holocene mainly reflects sedimentary conditions at the very beginning OS an interglacial up to the climatic optimum. This indicates that sedirnentation rates are highest during the terminations and the first few thousand years OS an interglacial. The rates then decrease following the climatic optimum. This produces a sawtooth Pattern OS the sedirnentation rate during peak warm intervals when a warm climatic event rapidly Sollows a glacial maximum.
The sedirnentation rates during stage 9 are low in comparison with later stages, because rates are integrated Sor the full stage. In this case, event 8.5 was defined as belonging to interglacial stage 9. In addition, sequences deeper than about 5 m below the surface are increasingly compressed by the gravity coring procedure [Melles, 19911;  thus the apparent reduction of sedimentation rates is most probably artificial.
STACKED SEDIMENTOLOGICAL RECORD
A composite record was established for the interpretation of the continental margin sediments by stacking the specific sedimentological parameters. Detailed analysis of 11 cores (Figures 3 and 4) , including the last two climatic cycles, permits the use of a method which is new in this context. Stratigraphic fixed points, as defined above, were used to compute an age model for each of the cores. After calculating the age of every individual sample, each parameter was calculated in equidistant time steps for the last 300 kyr to allow stacking of parameters between cores. Each data Set was normalized to values between 0 and 1 by division by the maximum value. Individual data for each time step and each parameter on all cores were added and divided by the number of cores. Plots of four selected parameters (carbonate, radiolaria, illite, silt) versus time show a good correlation between all cores (Figure 7 ). Strongest variations between cores occur in the terrigenous parameters during glacials. Relative changes of clay mineral composition and grain size are mainly controlled by the glaciological processes On the shelf and are therefore dependent On the distance of the core location from the shelf break.
The stacked sedimentological records were plotted versus time together with the standard chronostratigraphic curve of Martinson et al. [1987] . The records show the relative changes of each parameter and represent mean values of slope sedirnent composition ( Figure  8 ). Individual signals will be enhanced toward the shelf; others will be masked at the deeper slope. Thus interpretation of the stacked record will provide more general Information about sedimentation processes at the slope. Some variations are representative at least for the margin of the eastern Weddell Sea and some for most of the Antarctic coastline of the Atlantic Part of the Southern Ocean.
Opal
The percentage of radiolarians in the sand fraction was determined by coarse fraction analysis. Investigations of smear slides have shown that the occurrence of radiolarians can be correlated in detail with the siliceous microfossil content in the silt fraction such as diatoms and silicoflagellates [Grobe und Kuhn, 19871 . Thus the quantity of radiolaria could be used to predict the occurrence of silica in the sedirnents, because this parameter can easily be assessed and radiolaria are more resistant against solution.
The siliceous microfossils, as indicated by the radiolarian peaks, are typically concentrated in distinct horizons which were found to occur in all cores (Figures 2  and 3 ). Siliceous microfossils occur at the glacial terminations and reach peak values close to the interglacial climate optimum. Opal decreases to Zero again when the climatic curve drops below a distinct threshold ( Figure  5 a ) . In cores which included the full Pleistocene sedimentological record, silica was found only during the last five interglacial stages (Figure 3 , e.g., cores PS1388, PS1479, and PS1591). The sole exception was found in Core PS 148 1, where high silica values below 7.50 m are due to the Pliocene age of the lower section of this core [Grobe et al., 1990~1 .
Carbonate
Calcium carbonate content is mainly derived from the planktonic foraminifera Neogloboquadrina pachyderma (sinistral), some benthic foraminifera, and very few coccoliths and ostracods. N. pachyderma is a permanent component of Antarctic sea ice which may contain up to 1000 individuals per liter of melted ice [Dieckmnn et al., 19911 . Carbonate percent can generally mimic the oxygen isotope curve, which means that it reflects paleoclimatic history. However, the amount of carbonate preserved in the sediment can be influenced by dissolution. Carbonate values decrease to almost Zero in sediments rich in silica (Figures 3 and 4) . During peak warm times, both opal and carbonate are produced in surface waters, but because of high organic matter fluxes, calcareous shells are not preserved. We explain the lag of decreasing carbonate relative to the oxygen isotope curve at stage boundary 716 (Figure 8 ) with an Insolation maximum which might have temporally extended interglacial sea ice conditions (Figure 5a ).
Zce-Rafted Debris
Close to the continent, ice-rafted debris (IRD) is one of the most important parameters indicating the response of the Antarctic ice sheet to climatic change. The highest occurrence of IRD is found during interglacial stages. During warm episodes, the increasing IRD content shows a time lag relative to the terminations of up to several thousands of years (Figure 8 ). During stage 7, IRD increases at event 7.4, and in stage 5 IRD increases at event 5.4; these are the highest amounts of IRD found within the Holocene. Stage 7 shows higher values than stage 5 in almost all cores investigated. Coarse and medium sand follows the distribution of gravel.
Grain Size
The sediments are glaciomarine and thus consist of sandy mud with varying amount of gravel and rocks. Most information on transport mechanisms, such as current activity and ice rafting, can be derived from the siltlclay ratio and from the grain size distribution of the silt fraction (2-63 pm). Diatom frustules, which were found exclusively during peak warm events, are a minor Part of the silt fraction and are not important to the grain size distribution. The amount of terrigenous silt has maxima during the warmest climatic events, although a time lag of about 5 kyr between glacial termination and changing grain size values can be observed (Figure 8 ). Within the transition from glacial to interglacial conditions, the rnean of the silt fraction changes from 7.4 to 6.6 phi. The corresponding change in skewness of the bulk sediment from 0 to -0.2 is due to a decrease in the amount of clay. Both parameters indicate changes in the fine tails of the grain size distributions toward coarser sedirnents when the ratio of current-derived to icerafted material changes in favor of the latter.
Clay Minerals
Close to the continent, the clay mineral associations are sensitive indicators of ice rafting and of the extent of ice coverage. In particular, smectite, which is carried long distances by currents, can be considered to be the "marine sediment noise." A high content of srnectite was found in the clay fraction deposited during times of maximal ice expansion (Figure 8 ). With the termination of the glacial, the smectite content does not show a sudden change due to a lagged and slowly increasing dilution by ice-rafted illite (Figures 3 and 8) . Smectite reaches minimum values during the midpoint of the following interglacial. Chlorite increases with the end of an interglacial and reaches peak values during glacial maxima, indicating an enhanced input of shelf sedirnents.
The peak value of smectite during glacial Stage 8 (Figures 4 and 8) is a local effect, produced by a setting when the adjacent ice shelf andlor closed sea ice conditions Cover the slope area for a distinct time span. Current-transported clays and some downslope sediment movement produce a clay association, consisting of smectite and minor chlorite. Ice rafting and biological productivity are insignificant contributors to this sedimentary process.
CLASSIFICATION OF SEDIMENT FACIES
Correlation between the different sedimentological parameters allows the identification of five different sedirnent facies. The facies can be related to different sedimentary environments which are controlled by the slope morphology and by global and local clirnatic changes. The most important parameters used for the classification are grain size distribution, including the gravel fraction as an indicator of ice-rafting activity, the association of clay minerals (chlorite, illite, and the smectite group), siliceous microfossil and carbonate content, and finally the sediment textures as observed in the X-rayed core slices.
Holocene Shelf Fades
During the late Holocene, on the continental shelf a sedirnent facies is deposited that includes overconsolidated diamictons and residual glacial-marine sedirnents. The water depth at the present-day ice shelf edge varies between 200 and 400 m depending on the locations of ice rises and Capes. The mean depth of the overdeepened shelf is around 300 m. From the investigation of long piston cores it is known that basal tills appear to be most widespread On the Antarctic continental shelf. They are overlain by glacial-marine sedirnents in most areas [Anderson et al., 1980, 19911. Owing to the high content of gravel (up to 30%), it was not possible to recover the basal till in the investigation area, and thus in this paper only the uppermost sequence of the Holocene sedimentary record was analyzed. Despite this lack, the composition of the Holocene shelf sedirnents is crucial for the reconstruction of sediment transport processes at the continental margin.
The short cores of up to 0.6-m length show that the acoustically reflective sedirnent is a mostly unfossiliferous, apparently overconsolidated diamicton. In rnany places the surface of the shelf is modified by iceberg scour. The diamicton is deposited by melting processes beneath the ice shelf, most probably close to the grounding line, and is defined as a transitional glacialmarine sediment [Anderson et al., 19801 . Fine fractions of the grain size distributions are subsequently winnowed by currents, producing a residual glacial-marine sediment ; Figure 9 , Holocene shelf facies). The settling fines (<30 pm) are entrained by the Antarctic Coastal Current, which has velocities of up to 17 cmls [Carmack atzd Foster, 19751 . Parts of the fine sedirnents are transported off the shelf, where they contribute to the grain size distribution of the slope sediments forming a compound glaciomarine sedirnent (e.g., carbonate facies, Figure 9) . A portion may be transported further with the Weddell Gyre to the SE to the Filchner Trough, where thick laminated clays were found [Melles, 199 I] .
In addition, the mineralogical composition of the clay fraction remaining on the shelf is indicative of a residual glaciomarine sediment (Figure 10 ). The weight percentage of chlorite is about twice as high there as on the slope and the abyssal plain. All terrigenous material deposited On the shelf is directly delivered from Queen Maud Land by the continental ice. The geology of the coastal areas of the eastern Weddell Sea was reconstructed from dropstones, dredged On the shelf [Oskierski, 19881 and from pebbles and sands in tills [Andrews, 1984; Anderson et al., 19911. Close to the investigated area the classification in different petrographical provinces shows mainly Mesozoic, in most cases Jurassic, basalts with different degrees of alteration [Rex, 1967; Juckes, 1972; Peters, 19891 
Opal Facies
Grain Size (<P)
I ~ontourite Facies
Grain Size ((P) Fig. 9 . Typical grain size distributions of four different sedimentological facies. In the Holocene shelf facies the fine fractions are partly winnowed by the Antarctic Coastal Current. The opal facies is deposited on the slope during peak warm times. The carbonate facies can be found during moderate interglacial to glacial conditions, whereas the contourite facies only occurs during times of closed sea ice conditions, presumably during further advances of the ice shelves. In all slope facies, the fine fractions, missing On the shelf, are added to the ice-rafted component, depending On the contribution of the two transport processes, ice rafting and current transport.
thus be the basic to ultrabasic rocks, where weathered olivine and pyroxene have formed chlorite. Determination of sedimentation rates of the shelf sediments is difficult and was done only at one site (Core 206, 420 m, Norwegian Antarctic Research Expedition 197811979 [Elve*i and Roaldset, 19831) where sufficient carbonate was found to use ^C analysis. The analysis of a coral gave a rate of about 3 cmlkyr. However, it is evident that sedimentation rates will vary greatly along the ice edge in correspondence with the morphological features of the shelf and the ice shelf and the intensity of the ACC. On the shelf, it remains problematic in getting long-term information about the behavior of the Antarctic ice sheet because it is difficult to penetrate the pebbly sediment with a gravity coring device and to produce any stratigraphy. Though piston cores up to 10 m in length have been taken on the ROSS Sea and Weddell Sea shelf, they suffer from the lack of Their quantitative relation is controlled by the ratio of current transport to ice rafting. The contourite facies, deposited only by current transport, shows highest smectite values. On the contrary, sediments deposited during peak warm times and intense ice rafting are dragged more toward the illite Corner. Typical of the shelf sediments is a higher content of chlorite. Such assemblages with a high chlorite content are found on the slope only in the turbiditic facies. The turbiditic facies represents small proximal turbidites, triggered and fed from the shelf by the advancing ice edge.
any stratigraphic information, and investigations are concentrating on a detailed description of the different sediment facies [Anderson et al., 19801 [Hayes et al., 19751 and during ODP Leg 119 in Prydz Bay [Hambrey et al., 19911 .
Opal Fades (Peak Warm Znterglacial Sediments)
The opal facies contains a significant number of siliceous skeletons such as diatoms, radiolarians, and some sponge spicules. Sediments of this facies can clearly be separated from other sediment types by its biogeneous content (Figures 8 and 9 ). The facies is almost barren of carbonate, with the exception of very few planktonic foraminifera. In places, these were just sufficient for one single stable isotope analysis. The sediment includes occasional dropstones. Intense bioturbation masks all primary sediment structures. Arenaceous benthic foraminifera occur together with the opal facies but were found only in surface sediments [Mackensen et al., 19901 . The tests are diagenetically destroyed at larger sediment depth.
In the investigated area the uppermost surface layer of the sediments between 300 and 10 cm, depending on the sedimentation rate, is rich in siliceous hard Parts. This facies represents the Holocene deposits and is also typical for the modern sedimentary environment. Correlation of the opal facies between cores is supported by the 8180 data, which are unaltered in the Holocene sequence, presenting a well-defined Stage 1.
The opal facies was found only in five horizons which correspond to the peak warm events of the last interglacial stages 1, 5, 7, 9, and 11. This is probably because during the last 425 kyr, the glacial/interglacial climatic amplitudes [Ruddiman et al., 19891 were higher than in earlier times and climatic optima provided totally icefree conditions in the summer months and thus higher biogeneous silica fluxes. We assume that the variations in opal content are the result of varying siliceous primary productivity rather than a result of changes in deep-sea opal dissolution. This is in agreement with the findings of Mortlock et al. [199l] , from sites further north close to the Polar Frontal Zone.
The clay mineral composition is characterized by peak values ofillite, which can be attributed to transport mechanisms, e.g., ice rafting (Figure 10 ). Grain size distributions with a low clay content, a silt distribution with peak values in the range of coarse to medium silt, and increasing values OS IRD (gravel and sand) toward the top are typical OS the opal facies. The minimum clay and fine silt values are due to less deposition resulting from increased current activities (Figures 8 and 9) .
A further important process is the impoverishment of the fine fraction by enhanced bioturbation. In most marine environments, bioturbation is sufficiently active to modify the deposited sediments as a result of various biological activities. One of the most important effects OS the organisms is remixing OS the beds so that particles are continuously resuspended and can be entrained by currents. Experiments with poorly sorted sediments, similar to glaciomarine deposits, have shown that grain size distribution, particularly in the fine tail range, is a reflection of the efficiency with which the bed was mixed [Singer und Anderson, 19841 .
Carbonate Fades (Moderate Znterglacial to Glacial Sediments)
During visual core description of most of the cores, cyclic lithologic changes were observed. The different sediment colors varied between light olive gray and brownish gray. Typical features of this facies are a light olive gray sediment color (5Y512, Rock Color Chart) and a significant amount of carbonate. Carbonate content is controlled by a single species of planktonic foraminifera (Neogloboquadrina pachyderma) which was up to 98% left coiling. The carbonate content may reach up to 25% and depends directly On the distance from the continent because OS the extent of dilution by terrigenous material. Benthic calcareous foraminifera and very few coccoliths and ostracods may make up < I % OS the carbonate. Their contribution to the carbonate content is unimportant, but their frequency can be correlated with the number of planktonic foraminifera.
Ice-rafted material, such as dropstones and sand, is common in the carbonate facies. Grain size distribution, as well as clay mineral composition, change by a small extent with climate. The amount of clay and the chlorite content both increase as the climate deteriorates. Bioturbation is of variable intensity and in most places masks the primary sedimentary structures.
Turbiditic Fades (Zce Advance Deposits)
The turbiditic facies consist of small proximal turbidites, which are organized in graded layers of gravel, sand, and silt, and only occur on the continental terrace close to the upper steep slope. The sediment is almost barren of biogeneous particles and has a characteristic mineralogical composition which is dominated by chlorite and smectite (Figure 10 ). The high chloritelillite ratio, a low content of glauconite, and higher values of rock Fragments and gravel show a relationship to the residual glaciomarine sediments of the shelf. Sediment facies colors, described from different core iocations On the shelf close by (see, e.g., Anderson et al. [198l] , Kaharoeddin et 01. [1980] , and ElverI@i and Roaldset [1983] ) correspond well with the typical olive gray color of the turbiditic facies (N3-5Y312, Rock Color Chart).
The turbiditic facies is thoueht to be material from moraines, transported and released by the advancing ice sheet during sea level lowstand. The sedirnent was sorted during gravitational transport down the upper slope as observed by sediment textural analysis of gravity flow deposits from this area, showing size sorting and transformation of glacial sediments into sorted sand [Wright und Anderson, 19821 . Larger cobbles are deposited close to the shelflslope transition as can be observed in the sediment echo soundings showing only a hard and very uneven surface reflector. Large dropstones were also abundant in biological dredge hauls in this area [Voss, 19881 . The upper slope is covered with gravel and sand, whereas most of the finer fractions are deposited On the landward side OS the slope bench, where the slope gradient decreases. At a greater distance from the source area, on the seaward side of the bench, no distal Part of the turbidites was observed. Those sediments may have been caught and transported to the deep sea in branches of canyons, cutting into the upper slope (e.g., Wegener Canyon [Fiitterer et al., 19901) .
Contourite Fades
The contourite facies consists OS thin to medium beds containing horizontal laminae of mud and silty clay. No grain sizes coarser than medium silt occur (Figure 9 ). Descriptions OS the grain size distributions OS the contourites in this area were first published by Anderson et al. [1979] . The fine sediments originate from the winnowing processes at the upper slope and are, when reaching increasing water depth, transported and deposited by weak bottom currents. It is known from bottom photographs that the bottom currents in the Weddell Sea flow as contour currents parallel to the bathymetric contours of the continental margin, transporting sedi-ments to the south, around the Weddell Sea, and finally along the Antarctic Peninsula into the South Atlantic [Hollister and Eider, 19691. A facies originating from contour currents will mostly be deposited during times of enhanced sea ice conditions when other sedimentation processes, such as ice rafting and gravitational transport, become unimportant. Peak values of smectite are typical of the contourite facies. Smectite increases in all clay fractions when the amount of current-derived material increases (Figure 10) . In addition, the missing IRD content suggests deposition under a closed sea ice cover. The laminated structure is the consequence of the lack of any bioturbation. The environment is hostile to burrowers because of a break in primary productivity in surface waters due to limited availability of light below the ice. Contourites were found in all cores taken from less than about 100 km from the shelf break and can be correlated between cores.
The ice edge reaches the continental shelf break during sea level lowstand. During further advances above the slope, a very dense, sometimes closed, cover of sea ice may have stabilized the ice shelf. Lower temperatures in the Antarctic Ocean waters hampered melting from below the ice shelf. Both processes enCourage further seaward advances of the continental ice, finally in building up ice shelves more than 100 km broad and floating above the slope. It is obvious that the contourite facies is deposited during such strong ice conditions, but it is difficult to specify the contribution of sea ice andlor an ice shelf. During enhanced glacial conditions the sea ice cover is probably attached to the ice shelf margin for longer time intervals, and thus the sedimentological facies, deposited below, is the Same.
PALEOCEANOGRAPHY, PALEOPRODUCTIVITY, AND PALEOGLACIOLOGY
The Southern Ocean today is a mixing reservoir for incoming North Atlantic Deep Water (NADW) and recirculated water from the Pacific and Indian oceans. The contribution of the NADW to the CDW has changed during the climatic cycles, particularly when production of bottom water in the North Atlantic nearly ceased owing to sea ice coverage [Oppo and Fairbanks, 19871 . NADW is largely composed of upper ocean waters and thus in the North Atlantic is the most nutrient-depleted deepwater mass formed in the oceans today. In the South Atlantic it still has high S C values [Kroopnick, 19851 ; therefore up to 50% of the glaciall interglacial S^C amplitude in the Southern Ocean is due to changes in the contribution of NADW [Oppo et al., 19901 . Together with climate-controlled global changes between carbon reservoirs, changes in NADW input into the Southern Ocean are the most important reasons for the changes in S C observed in high southern latitude cores (e.g., Core PS1648, Figure 4) .
Variations in the relative flux of NADW to the Southern Ocean influence the properties of the CDW and surface water [Corliss, 1982; Charles und Fairbanks, 19901 . Because NADW is a heat source for the Antarctic Ocean waters, it consequently influences the formation of sea ice. The amount of sea ice coverage in turn is crucial to the availability of light in surface waters and hence is a main factor in controlling primary productivity. This is particularly important, because in Southern Ocean surface waters no nutrient limitation occurs between the Polar Front and the Antarctic Divergence [Defelice and Wise, 19811 . Variations in productivity during climatic cycles correspond to the extent of sea ice in a way similar to Recent seasonal processes, in which seasonal changes in sea ice cover control productivity and thus biogenic silica flux. This is inferred from sediment trap studies in the Antarctic Ocean [Dunbar, 1984; Wefer et al., 19901 .
The sequences of the opal and carbonate facies indicate that cyclicity of primary production varies in response to the glaciallinterglacial changes. The events of higher productivity during peak warm times, indicated by maxima in silica content and intense bioturbation, and the variations of carbonate can be explained in terms of interaction of sea ice coverage, deepwater convection, and water masses. On the eastern Weddell Sea continental margin, the WDW appears to influence the depth range of lysocline and CCD [Anderson, 1975; Mackensen et al., 19901 . However, the depth of the CCD depends on the properties of water masses and the productivity in surface waters. A high flux of organic matter increases the CO2 content in the interstitial waters and thus the solution of carbonate. During a climatic cycle the CCD oscillates between 4000 m and 2000 m. It reaches the lowest water depth during the most intense productivity.
The first investigations in this area had already shown a significant amount of carbonate in the Weddell Sea margin sediments, consisting mainly of planktonic foraminifera [Anderson, 19721. But the high carbonate content of up to 30% in Quaternary sediments of the continental margin off Queen Maud Land and carbonate values of up to 80% on Maud Rise [Cordes, 19901 were presumed to be related to ice-free waters in the Weddell Sea Polynya [Grobe, 19861 , which had been observed for several years on satellite microwave Images [Zwally et al., 19831 . Furthermore, anomalous diatom abundance at Maud Rise was interpreted as resulting from the absence of sea ice in the polynya, permitting increased photosynthesis [Defelice und Wise, 19811 . The apparent cyclical variation in carbonate content was inferred to represent the presence and absence of the polynya through time [Futterer et al., 19881. Now there is subsequent evidence from other cores which shows that carbonate is common in Pleistocene sediments along the Antarctic coastline of the Weddell Sea, at least between 50Â° and 40Â°E Pleistocene sedi-ments, rich in foraminiferal carbonate, were found on the shelf of the South Orkney microcontinent [Brehme, 19911 , on a seamount within the Weddell Sea [Kuhn et al., 19921 , and on Astrid and Gunnerus ridges [Futterer, 19911 in water depths of <4000 m (Figure 1 ). This observation was also made on ODP Leg 113 drill sites [Barker et al., 19901 , and therefore the hypothesis of the influence of the Weddell Sea polynya On biogeneous sedimentation seemed to be weakened.
Variations of atrnospheric COy during Pleistocene climatic cycles were possibly controlled by Southern Ocean productivity, such that more effective "biological pump mechanisms" during glacial times cause the Southern Ocean to be a sink for atmospheric CO2 [Keir, 19881 . Enhanced productivity during glacials should be caused by higher solar radiation and reduced circulation of surface waters [Sundquist and Broecker, 19851 or by increased atmospheric dust fallout which supplies iron to iron-limited Antarctic surface waters [Martin, 19901. On the other hand, a reduced consumption of nutrients was postulated because of the extensive sea ice coverage during glaciations [Mix und Fairbanks, 19851 . This may result in an increasing amount of preformed nutrients in low latitudes which may enhance productivity there [Sarnthein et al., 19881 .
The glacial sediments analyzed in this study with little or no biogenic components, reduced bioturbation, low IRD content and consisting mainly of mud clearly indicate strongly reduced productivity and sedimentation rates during glaciations in high southern latitudes around the Antarctic continent. This evidence is consistent with other recent studies, indicating low productivity in the Southern Ocean during glacial times [Labeyrie and Duplessy, 1985; Mackensen et al., 1989; Grobe et U / . , 1990b; Mortlock et al., 19911 . Estimates of sea ice distribution during the last glacial maximurn show continuous ice coverage south of 60's [Hays, 1978; Cooke und Hays, 19821 . During these tirnes the availability of light in surface waters was strictly reduced by a snowcovered sea ice, which will have been the most signifiCant factor limiting productivity in the Antarctic Ocean.
Glacial transport and supply of terrigenous sediments within the Antarctic Ocean are almost exclusively accomplished by rafting by icebergs. Transport by sea ice, an important sediment distribution process in the Arctic [Wollenburg, 19911, is missing owing to the absence of sediment supply by meltwater and rivers.
Two different types of icebergs in the Antarctic Ocean can be distinguished as a result of calving processes. Calving from glaciers, which is mainly a process of the Antarctic Peninsula, produces icebergs during most of a climatic cycle which transport a significant amount of sediment [Drewry und Cooper, 19811 . The sediment is incorporated at their base or by sedirnentation on the glacier. However, in relation to the mass budget of the Antarctic ice sheet and the production of icebergs from ice shelves, icebergs calved frorn glaciers are subordinate. Nevertheless, they have to be taken into account when calculating the sediment supply to the ocean, particularly in the vicinity of the Antarctic Peninsula.
Calving from ice shelves produces the typical Antarctic tabular iceberg which is mostly free of any sediment load [Denton et al., 19711 . When the continental ice crosses the grounding line, after a short distance, ablation processes reach peak values. An ablation rate of up to 2 mlyr was calculated below ice shelves close to the grounding line [Thomas, 1973; Kipfstuhl, 19911 . The ice, lost at the base of the ice shelves, is partly replaced by the accumulation of Snow On their surface. The basal debris load is lost rapidly on the way to the calving line or beyond. It is obvious that calving from broad ice shelves produces "clean" icebergs, almost free of any sedirnent load.
The NADW transports heat into the Antarctic Ocean. When the production of NADW is switched off during glacials, the lower water temperatures hamper basal melting of ice shelves. The coastal ice margins remain thicker, resulting in a seaward extension of the ice shelf and consequently in an increase of the grounded parts of the Antarctic ice sheet. The sediment load, incorporated at the base of the ice, will be transported further off the shelf and contributes to sedimentation on the slope.
Three transport processes by ice are possible around the East Antarctic Ice Sheet. The ice sheet is rnainly surrounded by ice shelves, delivering a significant amount of sediment to the sea; two of them are controlled by sea level variations and are thus directly coupled to global climatic change. These are as follows:
1. In the landward Part of an ice shelf, parts of the coastline exist where the grounding line coincides with the calving line. These "islands" act as stabilizing pivots which contribute in controlling size and extension of the ice shelf (e.g., Figure 1 : Cape Norvegia and ice rises). Icebergs calving close to such areas incorporate sorne detrital debris. 2. Falls in sea level during glaciations reduce the size of the ice shelves shifting seaward from the grounding line. When sea level is at its lowest, the grounding line may reach the shelf edge in sorne places. Subglacial sediments will be bulldozed down the slope by episodical movements of the ice edge or may melt out close to the grounding line and deliver sedirnent directly to the slope.
3. The rapid rise in sea level during the transition from glacial to interglacial causes large parts of the marginal ice sheet to lift up and thus become an ice shelf. A resulting increase in calving processes produces a large number of icebergs, which transport some shelf sediments, still frozen at their bases, to the deep sea.
The ice-rafted fraction of sediments in the investigation area is delivered by two processes. First, the petrographical composition of dropstones On the slope is mainly granitic, indicating its origin from East Antarctica. Icebergs frorn calving areas further away are driven by the Circum-Antarctic Current and, when entrained by the Weddell Gyre, deliver sediments from somewhere on the East Antarctic coast. Since the full cryospheric development OS the Antarctic ice sheet, those icebergs may have contributed to ice rafting at any time during the late Neogene, irrespective of glacial or interglacial conditions. This granitic IRD signal is found in all sediment facies in varying amounts, producing the typical glaciomarine composition OS the Antarctic Ocean sediments.
In contrast, close to the continent, the amount and composition of sediments is controlled by the ice streams and source rocks mainly of the hinterland OS the investigation area, which are Jurassic basalts. Material from the adjacent coastal areas contributes to the continental margin sediments at all water depths but is most irnportant in shallower depths and close to the shelf. The sediments from the shelf are mainly responsible for the distinct and pronounced cycles in sediment composition On the upper slope. With increasing distance from the continent, the cyclicity becornes increasingly masked by pelagic sedirnentation. Variations of the detrital components are strongest during glacials ( Figure  7) . From the observations above, it is inferred that the composition of the detrital mineral suites of the Antarctic continental margin sediments mainly depends on the petrographic nature OS the source rocks. The source OS the terrigenous detritus changes with processes and distance from the continent. Because the East Antarctic craton largely consists of crystalline rocks, mica-illite and some chlorite associated with quartz, feldspar, and various mafic minerals are the most frequent species in the clay fraction. An influence of the specific basic to ultrabasic source rocks in Queen Maud Land can be recognized only very close to the continent. As a result of the exclusively physical weathering processes, kaolinite occurs only in traces, and the amount of the nonlayered minerals in the clay fraction is much higher there than in lower latitudes.
The clay rnineral composition was found to be a sensitive indicator to changes in sediment transport. Each clay mineral is found in all facies but in varying arnounts. The ternary diagram OS clay mineral composition shows that 20% illite, 10% chlorite, and 10% srnectite are minimum values in each facies (Figure 10 ). Clays are permanently delivered by current transport, as this is the only process which contributes to all facies. One mechanism responsible for changes in clay mineral composition appears to be dorninated by differential settling and thus grain size sorting, but the final composition is controlled by some contribution of all of the three main sediment-delivering processes: ice rafting, current transport, and gravitational movement downslope. During the different stages OS climatic cyd e s , each of these processes is dominant at some time.
SEDIMENTATION MODEL
Interpretation of the late Pleistocene sediment sequence from the Antarctic continental slope can be used to synthesize a general relationship between sediment facies and paleoclimatic, paleoceanographic and paleoglacial conditions. We propose a model for glaciomarine sedimentation during glacial and interglacial stages, based on a stacked sedimentological record from the eastern Weddell Sea continental margin covering the last 300 kyr. Very similar records were found in all sediments between South Orkney (4SoW) and Gunnerus Ridge (3S0E), an area which Covers roughly a third of the Antarctic coastline (Figure 1 ). Therefore we suggest that our sedimentation model (Figures 11 and 12) , including distinct paleoenvironmental changes and different sedimentary processes, applies to most of East Antarctica and the Weddell Sea area.
The model fits best for the last Sour climatic cycles (stages 1 to 11). Typical of this time period are a pronounced 100-kyr periodicity, abrupt terminations of glacials, and a trend of decreasing 8180 values during interglacials when compared with Pleistocene data older than 420 kyr. However, our model may partly apply to early and middle Pleistocene deposits, although the cyclic changes of the global climate are generally less pronounced. This condition has a major influence on sea ice distribution during the southern Summer.
Glacial Termination and Peak Warm Znterghcial
The short transition frorn glacial to interglacial induces substantial changes in the sedimentary environment of the Antarctic Ocean. Several processes are triggered by two most important changes: the rise of sea level and the increasing contribution of NADW to the CDW.
The rising sea level causes the marginal parts of the Antarctic ice sheet to float, thereby producing broad, unstable ice shelves (Figure 11 ). The concurrent recession of the grounding line is sedimentologically identified On the shelf by the facies boundary between basal till and glacial-marine sediment [Anderson et al., 19801 . A reduced sea ice coverage close to the continent also contributes to destabilization, as does the warmer CDW, which provides heat for increased basal melting IPotter and Puren, 1985; Hode11 und Ciesielski, 19901 . Within a very short geological time, the large ice shelves are increasingly reduced by intense calving processes. A large number of icebergs transport sediments, frozen at their base from the shelf contact, to the deep sea. This intense ice rafting is the main sedimentary process during the initial phase of an interglacial and is responsible for an increase in sedimentation rates by nearly an order of magnitude above those of glacial conditions. Sedimentation rates decrease slightly when ice shelves are reduced and glacial conditions and the mass budget of the ice sheet are more stable.
The contribution of NADW to Antarctic Ocean waters was much greater during interglacials than during glacials, at least over the past 550 kyr [e.g., Duplessy et U / . , 1988; Oppo et al., 19901 . With the glacial termination, the production of NADW in the North Atlantic recommences, feeding water to the Antarctic Ocean, with a short time delay of about 1 kyr. An increase in the flux of NADW, a major source of heat and salt, also has profound consequences for sedimentation processes. The upwelling of warmer CDW promotes the retreat of sea ice in spring. With increasing availability of light in the surface waters, primary production increases to peak values and so favors the burial of a significant amount of siliceous microfossils. When there is high productivity in surface waters, N. pachyderma contributes substantially to the plankton. But the high input of organic matter to the deep water increases the CO2 content which, in turn, shoals the CCD. As a consequence, sediments of the peak warm intervals contain very few or no calcareous foraminifera (Figure 8 ). Additionally, higher export productivity favors secondary benthos activity, and consequently bioturbation is observed in sediment texture and grain size distribution (Figure 9 ).
The current regime at the continental margin became enhanced during peak warm times because the retreating continental ice edge and the reduction in sea ice favor wind-driven processes and oceanic circulation. Katabatic winds play an important role in the formation of coastal polynyas and hence sea ice formation above the shelf. This process, together with the increasing size of ice shelves, favors the formation of Ice Shelf Water (ISW), which flows down the slope thereby contributing to the formation of Weddell Sea Bottom Water (WSBW) [Foldvik und Gammelsrqkl, 19881 . These enhanced current activities are responsible for the deposition of relative coarse sediments, dominated bv a coarse to medium silt. Very little clay contributes to the sedimentation, which there mainly consists of ice-rafted illite (Figure 10) .
The response time of individual processes at the glacial termination differs. The lag of productivity might be only a few thousand years (3-5 kyr) and is dependent On the adjustment time of the oceanographic and sea ice conditions of the Antarctic Ocean. Close to the shelf break, the drastic changes in the terrigenous sedimentation stop when the postglacial ice shelves are reduced to a stable size. The retreat of the ice margin may last some thousand years.
The response time of those sedimentary processes which are directly linked to the mass budget and behavior of the Antarctic ice sheet rnight be longer (10-15 kyr). This can be observed by the general distribution of IRD in the slope sediments, which shows a significant delay in occurrence after glacial terminations and even after the following climatic optima (Figure 8) . One explanation for the delayed response of specific sedirnentary processes might be the less sensitive behavior of the high southern latitude environment, where some glacial and hydrographic conditions may change more sluggishly and adjust to a changing climate with a time lag due to the presence of a huge ice sheet acting as a climatic buffer.
Moderate Znterglacial to Glacial Transition
Toward the end of the interglacial warm period, the biogenic portion of the sediments changes from siliceous to calcareous microfossils. During a climatic cycle, large parts of the Antarctic Ocean are, for most of the time, continuously covered with ice, reducing the availability of light and hence primary production in the surface waters (Figure 12 ). The onset of calcareous sediment deposition in the Weddell Sea region is most probably linked to a decrease in the CO7 content of deepwater masses. Lower export productivity due to reduced photosynthesis in surface waters lowers the CCD to about 4000 m and allows carbonate in sediments above this depth to be preserved. There will still be seasonal variations of the sea ice, but they are presumably restricted to the northern marginal areas of the Antarctic Ocean. In this context, continuous ice coverage means the presence of sea ice throughout the year but does not mean closed ice conditions. Short-term changes in the amount and distribution of sea ice are locally influenced by the intensity of katabatic winds, tidal currents, seasonal climatic variations, and presumably local insolation.
During the transition from interglacial to glacial, a delayed response of the sedimentary processes to climatic deterioration must be considered. A high amount of clay and fine silt is delivered by ice calving and rafting. These processes still contribute intensively to sedimentation because of continuing ice flow that is a result of the increased mass of the ice sheet during the former interglacial. In contrast, there is a much more rapid response to climatic cooling in the processes controlling bottom water formation. The production of cold ice shelf water and thus bottom current activity becomes reduced by increasing sea ice coverage and the lowering of sea level, which diminishes the extent of the ice shelves. The result of the superimposition of both intense ice rafting and lowered bottom current velocity is the deposition of much higher amounts of fine fractions in the post warm period sediments (Figures 8 and  9 ). In addition, peak values of illite in the clay fraction indicate that the terrigenous detritus is mainly delivered by ice rafting. A higher proportion of coarse IRD is found only at the beginning of this climatic transition. IRD decreases with the onset of the glacial maxirna.
The composition of the facies deposited during the transition from moderate interglacial to early glacial conditions is quite similar. Only in this case, a decrease in carbonate content might indicate reduced productiv-ity because of enhanced sea ice conditions. Very close to the continent, increasing gravitational transport down the slope, triggered by the advancing ice edge, is responsible for a higher amount of coarse detritus, changes in the composition of clay mineralogy, and an increase in sedimentation rates. In contrast, sedimentation rates decrease on the lower slope.
Glacial Maxima
During extensive glaciations on the northern hemisphere the Antarctic ice sheet also expands aerially. Thus during Pleistocene time the ice margins oscillate across the entire continental shelf, and the grounding lines repeatedly coincide with the shelf edge (Figure 12 ). Expansion and grounding of ice shelves occur in parts of East Antarctica as well as West Antarctica and take place predominantly in areas with broad continental shelves. The expansion is caused by sea level lowering as the result of the buildup of large ice sheets On Scandinavia, Siberia and North America. Thus the Antarctic ice sheet is more indirectly coupled to global cooling through processes occurring in the northern hemisphere.
From the sedimentological interpretations, no direct information can be revealed about the total mass budget of the Antarctic ice sheet. New results from a computer simulation of the behavior of the continental ice during the last climatic cycle show that in addition to the extending ice shelves, the total ice volume increases by about 1016 m 3 [Huybrechts, 19921. This result is consistent with earlier findings [i.e., Denton and Huges, 19811 . The model also shows that fluctuations are primarily driven by changes in eustatic sea level. This causal relationship irnplies that changes of the ice sheet depend On the magnitude and duration of the sea level depression during the final stage of a glacial period [Huybrechts, 19921. During glacials, most of the Antarctic Ocean is covered with ice, and temperatures are lower. This ice cover results in less evaporation there, and consequently there is less Snow precipitation and accumulation on the continent. On the basis of ~e concentrations in the Vostok ice core, it is concluded that precipitation rates in the Antarctic were roughly halved during the last glaciation [Yiou et al., 19851 . Even a thinning of the ice sheet has occurred in some areas [Andersen, 19901. Furthermore, in the Transantarctic Mountains srnall local glaciers retreat during glacials, mainly because of changes in precipitation [Denton et al., 19911. The sea level lowering during glacial maxima makes shelf sediments available for ice erosion and subsequent redistribution and sedimentation on the upper slope. Gravitational sediment transport is the most active mechanism during sea level lowstands. Canyon systems such as the Wegener Canyon, branching up to the shelf break, serve as preferred pathways for sediment transfer to the deep sea mainly by turbidity currents ( Figure  12 ). Thus it was mainly during glacial episodes that deep-sea terrigenous sedimentation was strongly influenced by ice margin processes. As a result, depositional areas like the Weddell Fan [Anderson et al., 19861 are fed with sediments.
Reduced NADW and thus a diminished heat transfer into the CDW have consequences On the amount of melting of both sea ice and ice shelves. During harsh climatic conditions the sea ice cover may be closed and attached to the ice shelf. Snow, mainly collected and delivered by katabatic winds from the inland ice, accumulates On the sea ice. This process adds to the overall thickness of the thick, multiyear ice. Thick and stable sea ice conditions help to increase the size of the ice shelf areas by stabilization of their margins and protect them against weakening by waves. Further expansion and stabilization of ice shelves is also favored by cooler shelf water, inhibiting basal melting. All processes may cause further advances of the ice shelf edge, up to 100 km from the shelf break, producing a broad ice shelf above the slope. During such peak glacial conditions, contourites are deposited On the slope below the ice (Figures 9 and 12 ).
